Background: Calcium ions (Ca 2ϩ ) suppress microtubule assembly. Results: Calmodulin interacts with the Par17 N terminus in a Ca 2ϩ -dependent manner, thereby preventing Par17-promoted microtubule assembly. Conclusion: Ca 2ϩ sensitivity of the tubulin polymerization process is mediated via binding of Ca 2ϩ /calmodulin to Par17 and other microtubule-associated proteins. Significance: Elucidation of this Ca 2ϩ -dependent Par17/calmodulin interaction adds to the understanding of Ca 2ϩ influence on microtubule formation.
The human parvulin family of PPIases comprises the proteins Pin1, Par14, and Par17 (7, 8) . Pin1 shows a high specificity for phosphorylated serine/threonine-proline substrates due to a positively charged surface at the interaction site (3, 9) . Besides the PPIase domain, Pin1 possesses an N-terminal WW domain that is involved in protein-protein interactions and targeting to the nucleus (10) . This enzyme has been shown to be involved in cell cycle regulation, cancer, and Alzheimer disease (4) . Pin1 also restores the ability of phosphorylated Tau protein to bind microtubules and to promote microtubule assembly in vitro (11) .
Par14 and Par17 are both encoded by the Par14/Pin4 locus on chromosome Xq13 yet feature different transcription initiation sites. As a consequence, the only difference between their amino acid sequences is a segment of 25 additional residues at the N terminus of Par17 (8, 12) . In contrast to Pin1, both Par14 and Par17 show no preference for phosphorylated substrates but specificity for substrates with basic amino acid residues preceding proline (13) (14) (15) (16) . In the case of Par14, it was demonstrated that this substrate selectivity is related to the presence of a negatively charged surface at the substrate binding site (14, 17) .
Par14 is found mainly inside the nucleus and has been associated with cell cycle progression and chromatin remodeling (18) . The PPIase domain structure of human Par14 36 -131 was solved by NMR (17) and x-ray crystallography (16) , and the structure of the PPIase domain plus 6 residues belonging to the N-terminal segment, i.e. human Par14 30 -131 , was solved by NMR (14) . In all cases the global fold was analogous to the PPIase domain of Pin1 (19) , consisting of a four-stranded twisted ␤-sheet surrounded by several helices. The residues mainly involved in the substrate interaction (i.e. Met-90, Val-91, and Phe-94, which are identical to Met-115, Val-116, and Phe-119 in Par17) are located in the loop connecting the second ␤-strand with the last helix. Besides the PPIase domain, Par14 possesses a lysine-and glycine-rich segment at the N terminus, which seems to be important for nuclear localization and DNA binding (17, 18) , but whose structure could not be resolved.
Although Par17 is also able to bind DNA, it is located mainly in the cytoplasm, where it is found in the mitochondrial matrix or colocalized with microtubules (12, 20) . It was, therefore, suggested that the 25 residues composing the N-terminal elongation in Par17 compared with Par14 (i) may be masking the nuclear localization signal of the Par14 N terminus (21) and (ii) could furthermore function as a novel mitochondrial targeting signal (12) .
Recently it was demonstrated that Par17 catalyzes tubulin polymerization in a GTP-dependent manner (20) . Tubulin heterodimers form long cylindrical structures called microtubules, one of the main components of the cytoskeleton (22) . The polymerization process of microtubules is highly regulated, as these dynamic structures change in response to different stimuli. Two tubulin-binding sites were identified in Par17 (20) : (i) the amphipathic ␣-helix defined by the segment Lys-75 to Lys-84, and (ii) the segment Gln-103-Pro-118 located near the putative active site, which includes residues Leu-107 and Met-115 that constitute a part of the substrate binding pocket in the Par14 homolog. Par17-induced microtubule assembly seems to depend on the isomerase activity in the active site of Par17, yet it is 2.5-fold more efficient than Par14. Therefore, the N-terminal elongation of Par17 may represent just one component of a more complex tubulin interaction scenario or it merely accelerates the reaction.
Tubulin polymerization is promoted by proteins called microtubule-associated proteins (MAPs), which interact with the C-terminal tubulin domain and induce microtubule stabilization (23) . Microtubule assembly is subsequently regulated by calcium-loaded calmodulin (Ca 2ϩ /CaM) via direct binding to MAPs (24 -26) . Calmodulin (CaM) is a relatively small calcium-binding protein involved in many signaling pathways that regulate a large number of crucial cellular processes (27) . The CaM structure consists of two globular lobes connected by a flexible linker (28, 29) . Each lobe is able to bind two calcium (Ca 2ϩ ) ions, which results in a change of the lobe structure (30, 31) . Both in the Ca 2ϩ -free and the Ca 2ϩ -bound state, CaM is able to interact with a plethora of other proteins (9, 32, 33) . Of all the CaM complexes reported to date, the structure of CaM bound to the smooth muscle myosin light chain kinase (smMLCK), where the N-and C-terminal lobes of CaM both wrap around a helical segment of smMLCK to form a globular complex (34) , turned out to be of particular relevance for the Par17-Ca 2ϩ /CaM interaction.
In the present work we investigated the structure and function of the 25-residue elongation at the Par17 N terminus to further elucidate the features responsible for the functional differences to Par14. Based on our results, we could (i) demonstrate that Par17 is able to interact with CaM in a Ca 2ϩ -dependent manner, thus preventing microtubule assembly, (ii) identify a Ca 2ϩ /CaM-binding site at the 25-residue elongation of the Par17 N terminus, and (iii) propose that the structure of the Par17-Ca 2ϩ /CaM complex resembles the one of CaM bound to smMLCK. Hence, a Ca 2ϩ -mediated regulation of microtubule assembly via Ca 2ϩ /CaM and Par17 may be envisioned.
Experimental Procedures
Peptides and Proteins-Par17, GST-Par14, GST-Par17, and His 6 -CaM were expressed and purified as reported previously (20, 35, 36) . Par17 2-22 peptide was generated by solid-phase synthesis as previously described (37) . Full-length Par17 and the Par17 2-22 peptide each were produced as the Gln-16/ Arg-18 isoform. Bovine brain tubulin was purchased from Cytoskeleton Inc. (Denver). smMLCK 797-813 was obtained from Merck Biosciences (Calbiochem).
Database Searches-Amino acid sequence alignments were performed using the program ClustalW (38) . Potential CaMbinding sites were identified using the online server "CaM target database." Helix properties were predicted employing the online server "heliquest" (39) .
Protein Microarray-The ProtoArray Human Protein Microarray v5.0 from Invitrogen was used to identify new binding partners of Par17. This microarray contains 9000 human GST-tagged proteins expressed in Sf9 insect cells and spotted in duplicate on the nitrocellulose-coated glass slide. ProtoArray was used according to the recommendations of the manufacturer. Briefly, the slides were equilibrated for 15 min at 4°C and then blocked for 1 h on ice by incubating with 1% BSA and 20 mM reduced glutathione in 50 mM HEPES, pH 7.5, 200 mM NaCl, 0.08% Triton X-100, 25% glycerol, and 1 mM DTT. Next, the buffer was removed, and 1 M Par17 diluted in PBS buffer containing 1% BSA and 0.1% Tween 20 was spread carefully on the array and capped with a coverslip. After 90 min of incubation on ice, the cover was carefully removed, and the protein arrays were rinsed 5 times for 10 min each in PBS buffer containing 1% BSA and 0.1% Tween 20. After washing, the slides were incubated with rabbit anti-Par14/17 antibody (pab productions, Herbertshausen, Germany; diluted 1:1000) for 1 h at 4°C. Next, the slides were incubated with an Alexa Fluor 647labeled goat anti-human IgG (Invitrogen; diluted 1:2000 in sample buffer) for 90 min at 4°C under slow agitation in the dark.
The protein arrays were washed 5 times with PBS buffer containing 1% BSA and 0.1% Tween 20 and dried by centrifugation at 1000 rpm for 1 min at room temperature. Slides were scanned on a ScanArray 5000 (Packard BioChip Technologies, Billerica, MA) to produce red (Alexa Fluor 647) images. The Genepix Pro 6.0 image analysis software (Axon Laboratories) was employed for data quantification.
GST Pulldown Assay-Equal amounts (20 g) of GST-Par14, GST-Par17, GST-Par17 1-25 , and GST were bound to glutathione-Sepharose beads (GE Healthcare). Excess protein was removed by extensive washing. Then, glutathione-Sepharose beads were incubated with 20 g of CaM in 60 l of incubation buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 3% BSA, and either 5 mM EGTA or 0.5 mM CaCl 2 ). After 1 h of incubation at 4°C, unbound protein was removed by 3 washes with incubation buffer. Interacting proteins were eluted by boiling with sample buffer. Samples were subjected to 17.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and the proteins were visualized by silver staining.
Tubulin Polymerization Assay-The tubulin polymerization assay was performed according to the manufacturer's protocol (tubulin polymerization assay kit; Cytoskeleton Inc., Denver, CO). In brief, bovine brain tubulin (Ͼ99% purity) was resuspended in G-PEM buffer (containing 80 mM PIPES, pH 6.9, 2 mM MgCl 2 , 0.5 mM EGTA, and 1 mM GTP) and 5% glycerol. Polymerization was started by dilution of tubulin to a final concentration of 6.7 M in 80 l of G-PEM buffer at a temperature of 37°C. The polymerization of tubulin was monitored as the increase in absorbance at 340 nm over a period of 60 min using a UV-visible spectrophotometer. To investigate the effect of CaM and Ca 2ϩ on the Par17-promoted microtubule assembly, 1 mM CaCl 2 and 30 M CaM were added to the reaction mixture containing 6.7 M tubulin and 16 M concentration of the respective GST-parvulin construct.
Isothermal Titration Calorimetry (ITC)-ITC experiments were performed with a VP-ITC system (Microcal Inc., Northampton, MA). The standard ITC conditions were 10 mM MES, 50 mM KCl, 6 mM CaCl 2 , pH 6.8, at 20°C. For a typical titration of Par17 2-22 peptide with CaM, 50 M peptide was placed in the reaction cell, whereas a solution of 300 M CaM was placed in the ITC syringe. For the titration of full-length Par17 with CaM, 10 M Par17 was placed in the reaction cell, whereas a solution of 100 M CaM was placed in the ITC syringe. The titration of Par14 was performed in an analogous manner but with three times the Par14 and CaM concentrations for higher sensitivity. In all titrations, CaM was injected into the reaction cell every 5 min in 15 l aliquots. Data were analyzed using the MicroCal Origin 7.0 software, and the data were fitted with a "one set of sites" model yielding binding enthalpy (H), stoichiometry (n), entropy (S), and association constant (K a ).
PPIase Activity Assay-PPIase activity of Par17 was determined in a coupled assay with the protease ␣-chymotrypsin. The assay exploits the specificity of ␣-chymotrypsin for the trans isomer of proline-containing oligopeptides. Thus, ␣-chymotrypsin only cleaves off the 4-nitroanilide from the substrate succinyl-Ala-Lys-Pro-Phe-4-nitroanilide when the Lys-Pro bond is in the trans conformation. At the applied high concentration of ␣-chymotrypsin, hydrolysis of the trans peptide occurs immediately in a few seconds. Release of 4-nitroaniline from the remaining cis peptide depends on the rate of cis-totrans isomerization of the prolyl bond and can be followed by an increase in absorbance at 390 nm. Par17 catalyzed cis/trans isomerization was measured at 10°C for 6 min in a reaction mixture containing 35 mM HEPES buffer, pH 7.8, 40 M succinyl-Ala-Lys-Pro-Phe-4-nitroanilide, 2 M GST-Par17, and 1 mM CaCl 2 either with or without 15 M recombinant human CaM. The reaction was started by the addition of 0.1 mg/ml ␣-chymotrypsin, and the release of 4-nitroanilide was monitored at 390 nm.
NMR Spectroscopy-NMR data were collected the way previously described (36) . Briefly, all NMR spectra were collected in 10 mM MES buffer (50 mM KCl, 6 mM CaCl 2 , pH 6.8). For resonance assignment purposes, triple-resonance experiments were collected at 18°C, and in addition titration data were employed to trace signals that showed significant line-broadening with increasing concentration of the binding partner. 1 H, 15 N TROSY experiments for chemical shift perturbation (CSP) analysis were performed on a Bruker DRX 500 spectrometer operating at 500.13 MHz with a 5-mm TXI probe featuring gradient capability. The Par17-CaM complex samples generally contained the 15 N-labeled component at 0.5-0.6 mM concentration. All spectra were analyzed with SPARKY 3 (University of California, San Francisco, CA). Chemical shift differences in the amide proton (⌬␦ 1HN ) and amide nitrogen (⌬␦ 15N ) resonances of the free and complexed protein forms were combined for each residue by using the expression [(⌬␦ 1HN ) 2 ϩ (⌬␦ 15N / 6.5) 2 ] 1/2 (40) .
Peptide Microarray-Peptide microarrays were produced by JPT Peptide Technologies GmbH (Berlin, Germany). Overlapping peptide scans of Par17 were synthesized by SPOT synthesis and printed on peptide microarrays, resulting in 48 peptides. Each 15-mer peptide was immobilized in three consecutive spots, resulting in 144 spots per subarray. For quality control, peptide microarrays contained three subarrays displaying the features of each subarray in triplicate, thus resulting in 9-fold redundancies of the data. To investigate CaM binding to the microarray, the Par17 peptide microarray was incubated for 30 min at 10°C with 1 M CaM in 200 l of 20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 3% BSA, 5% glycerol, and either 5 mM EGTA or 0.5 mM CaCl 2 followed by 3 washing steps with 10 mM Tris, 150 mM NaCl, 0.1% (v/v) Tween 20, pH 7.5, and additional washes with water. Subsequently, the peptide microarray was incubated with mouse anti-CaM antibody followed by an Alexa Fluor 647 goat anti-mouse IgG. Finally, peptide microarrays were dried using a stream of nitrogen. Peptide microarrays were scanned using an Axon 4200AL microarray scanner at a wavelength of 635 nm (MDS Analytical Technologies, Toronto, Canada) and analyzed using the microarray image analysis software package Axon GenePix Pro 7.1 (MDS Analytical Technologies). The scanner recorded a 16-bit numeric image in taggedimage file format, resulting in a range of signal intensities from 0 to 65,535, which are referred to as relative fluorescence intensities.
Results
Par17 Interacts with Ca 2ϩ /CaM-To identify hitherto unknown Par17-binding proteins, which may provide new insights into the biological function of Par17, ProtoArray chips were employed. These microarrays contained 9000 human proteins expressed as N-terminal GST fusion proteins using a baculovirus expression system. Subsequent analysis revealed an interaction between Par17 and Ca 2ϩ /CaM, whereas no other Par17 binding partners could be identified.
To obtain further evidence for a CaM-binding site in the Par17 sequence, we performed a CaM binding sequence prediction using the online server CaM target database. This program identified a potential CaM-binding site at the N terminus of Par17 (Fig. 1A) . Moreover, amino acid sequence alignment of the first 21 N-terminal residues of Par17 with several known CaM binding motifs revealed a high degree of sequence conservation ( Fig. 1B) , in particular to the CaM-binding site of human phosphodiesterase 1A. But also the CaM-binding sites of smMLCK, L-type Ca 2ϩ channel and calcineurin show notable sequence homologies to the Par17 N terminus. Although the CaM binding sequence of parvulin 17 does not belong to any of the originally described CaM binding motifs, like the IQ motif, 1-14 motif, 1-10 motif, or 1-16 motif, a novel CaM binding motif has been proposed for caldesmon and phosphodiesterases: the so-called 1-12 motif, where the hydrophobic residues are separated by 10 residues and where several basic residues occur within the binding site (41) . We propose that such a 1-12 CaM binding motif also exists in the Par17 segment between the bulky hydrophobic residues Leu-6 and Phe-17, which includes several lysine or arginine residues (Lys-8, Arg-12, and Arg-16). Interestingly, these 1-12 motifs have been shown to bind calmodulin primarily in the presence of calcium (42) .
To confirm the interaction of the Par17 N terminus with CaM, we performed a GST fusion protein precipitation assay. To this end GST fusions of both the full-length Par17 protein (GST-Par17) and the Par17 N terminus (GST-Par17 1-25 ) were employed. In addition, GST-Par14, which possesses an identical amino acid sequence as Par17 but lacks the 25 N-terminal Par17 residues comprising the potential CaM-binding site, was generated. The precipitation experiments with GST beads demonstrated the association between GST-Par17 and CaM in the presence of Ca 2ϩ , whereas no such binding was observed in the absence of Ca 2ϩ ( Fig. 2A) . When experiments were conducted in the presence of the high affinity CaM-binding peptide smMLCK 797-813 , the protein-protein interaction was completely abolished, indicating that the smMLCK peptide blocks the Par17-binding site in CaM. GST-Par14, on the other hand, did not interact with CaM either with or without Ca 2ϩ (Fig. 2B ), suggesting that the N-terminal 25-residue extension of Par17 contains the binding site for Ca 2ϩ /CaM. In fact, the GST fusion of Par17 1-25 also interacted with CaM in a Ca 2ϩ -dependent manner.
Thermodynamic Characterization of the Par17-CaM Interaction Using ITC-To gain more quantitative information on the Par17-CaM interaction, we examined CaM binding to the N-terminal segment of Par17 (Par17 2-22 ) and to full-length Par17 by ITC. Thermodynamic data revealed that Ca 2ϩ /CaM and Par17 2-22 form a one-to-one binding complex (Fig. 3A) . This interaction is an enthalpically driven process with a dissociation constant of 149 nM.
In contrast, the titration of full-length Par17 with Ca 2ϩ /CaM showed a different, seemingly more complex curve progression due to an endothermic reaction that is followed by exothermic dilution of CaM (Fig. 3B ). The best fit of the ITC data was obtained with a one set of binding sites model that led to a dissociation constant of 143 nM and a number of sites (n) value of 0.59. This value of n between 0.5 and 1 may be interpreted in two ways: (i) a one-to-one binding interaction with some error in the protein concentrations during the assay or (ii) a complex between one Ca 2ϩ /CaM and two Par17 molecules. As our NMR titration data, which is reported below, clearly supported a 1:1 rather than a 1:2 binding interaction between Ca 2ϩ /CaM and Par17, independent of whether Ca 2ϩ /CaM was titrated to Par17 or vice versa (data not shown), the value of n obtained by ITC presumably was affected by experimental error. Moreover, because (i) the dissociation constants of the Ca 2ϩ /CaM interaction with either Par17 or the fulllength Par17 protein are very similar and (ii) Par14 showed no binding interaction with Ca 2ϩ /CaM, as the ITC titration of Par14 with Ca 2ϩ /CaM is the same as in the control Ca 2ϩ / CaM injection into buffer (data not shown), both these results strongly suggest that there is no second high affinity binding site between both proteins. Interestingly, the ITC data revealed a drastic difference in the thermodynamics when Ca 2ϩ /CaM was titrated to either Par17 or full-length Par17 protein. The reaction with the free peptide is exothermic, but with the Par17 protein an endothermic reaction is observed, thus indicating that the binding (⌬G ϭ Ϫ9 kcal/mol in both reactions) is driven by the enthalpy change (⌬H ϭ Ϫ23.6 kcal/mol) when the Par17 N terminus is isolated, whereas the interaction between the full-length proteins is driven by the entropy change (T⌬S ϭ Ϫ13.4 kcal/mol). This difference in thermodynamic behavior could be explained by the fact that the structure and stability of the isolated Par17 2-22 peptide is not the same as when the peptide is part of the Par17 protein. As reported below, we have strong evidence for an intramolecular interaction between the N terminus and the PPIase domain in Par17. Hence, the absence of this interaction in the isolated peptide could lead to a different peptide conformation and thus a different kind of CaM binding process.
Ca 2ϩ /CaM Interferes with Par17-catalyzed Tubulin Polymerization-Previously, we had demonstrated that Par17 interacts with tubulin in a GTP-dependent manner and thereby promotes the formation of microtubules (20) . Par14, which lacks the N-terminal CaM-binding site, was 2.5-fold less efficient in the promotion of microtubule assembly compared with Par17. This prompted us to investigate whether Ca 2ϩ /CaM influences Par17-catalyzed tubulin assembly despite the fact that PPIase activity measurements in the presence and absence of Ca 2ϩ / CaM revealed no inhibition of the catalytic activity of Par17 by CaM ( Fig. 4A ), suggesting that the Par17 active site is not directly involved in CaM binding.
Next, on the other hand, an in vitro tubulin polymerization assay was performed in the presence and absence of Ca 2ϩ /CaM and Par17. As shown in Fig. 4B , no spontaneous tubulin assembly occurred under assay conditions in the absence of Par17, when the tubulin concentration was kept under the critical concentration that would allow spontaneous tubulin polymerization (43) . Subsequent addition of Par17 resulted in a significant increase in absorbance at 340 nm, indicating microtubule formation. This Par17-promoted microtubule assembly was not affected by either Ca 2ϩ or CaM alone. In the presence of Ca 2ϩ / CaM, however, no Par17-mediated tubulin assembly was detected. These results thus indicate that Ca 2ϩ -dependent binding of CaM to the N terminus of Par17 interferes with the Par17-tubulin interaction and thus Par17-catalyzed microtubule assembly.
To exclude the possibility that Ca 2ϩ /CaM prevents tubulin polymerization by direct contact to tubulin, we investigated the effect of Ca 2ϩ and CaM on Par14-promoted microtubule assembly, as Par14 lacks the N-terminal extension of Par17 and, therefore, should not interact with Ca 2ϩ /CaM. In fact, Ca 2ϩ / CaM had no effect on Par14-promoted tubulin polymerization JULY 3, 2015 • VOLUME 290 • NUMBER 27 JOURNAL OF BIOLOGICAL CHEMISTRY 16713 ( Fig. 4C ), thus corroborating that parvulin-catalyzed microtubule assembly is blocked primarily as a result of the high affinity binding of Ca 2ϩ /CaM to the Par17 N-terminal extension.
Calmodulin Controls Par17 Modulation of Microtubule Growth
NMR-based Comparison between Par14 and Par17 Structural Features-All the above results raised our interest in the characterization of the structural details related to the Par17-Ca 2ϩ /CaM complex. In particular, our goal was to see whether CaM binding induces structural changes in the Par17 molecule or vice versa. Therefore, the Par17-Ca 2ϩ /CaM interaction was investigated using heteronuclear NMR spectroscopy with isotopically enriched proteins.
To better understand why Par17 binds Ca 2ϩ /CaM, whereas Par14 does not, we first compared the structural elements of both parvulin types to identify any conformational feature(s) that might be responsible for this fundamental biological difference. A chemical shift index analysis of Par17 had previously shown (36) that the 25 additional residues at the Par17 N terminus do not significantly affect the three-dimensional structure of the PPIase domain compared with Par14. Also a direct comparison between the Par14 and Par17 amide resonances, which was focused on the PPIase domain (i.e. Par17 residues Asn-61-Lys-156) due to a lack of assignments in the first 30 residues of Par14 (14, 17) , revealed nearly identical chemical shift values (Fig. 5, A and B) , thus indicating that both parvulin types share a very similar overall domain fold, as was to be expected based on the identical amino acid sequences.
The amide chemical shift differences (⌬␦) between Par17 and Par14 are thus quite small (Fig. 5, C and D) , except for Par17 residues Lys-100, Val-116, and Lys-144 where larger shift differences were observed possibly as a result of misassignments. In the comparison with the Par14 resonance assignment by Terada et al. (14) , ⌬␦ values are generally smaller than 0.04 ppm, whereas the comparison with the Par14 assignment by Sekerina et al. (17) resulted in ⌬␦ values that are usually smaller than 0.09 ppm. Interestingly, however, in both resonance comparisons the more pronounced chemical shift differences (i.e. ⌬␦ Ͼ 0.025 ppm and ⌬␦ Ͼ 0.05 ppm, respectively) occur basically within the same sequence regions. Although some of these effects could also be related to differences in pH and/or temperature between the Par17 and Par14 samples, the rather conspicuous shifts of the amide signals in the Par17 segment Lys-100 -Ala-125 are particularly intriguing for several reasons; this segment includes residues that belong to (i) the substrate binding site of Par14 (corresponding to Par17 residues Met-115, Val-116, and Phe-119), (ii) one of the tubulin-binding sites of Par17 (i.e. Gln-103-Pro-118), and (iii) a 3 10 -helical loop (16) that is poorly defined by the solution NMR data. This latter 3 10 -helical loop represents the region with the least well defined resonance assignments not only in Par17 (36) but according to Terada et al. (14) also in Par14, and it apparently exhibits a high degree of backbone flexibility in the structurally homologous archaeal parvulin csPinA (6) . Hence, the Par17 segment Lys-100 -Ala-125, which overlaps with the tubulin-binding site Gln-103-Pro-118, (i) might be structurally less well defined in solution compared with the crystalline state and (ii) could feature small differences either in conformation or in chemical environment between Par14 and Par17, which may be respon-sible, at least in part, for the diverging efficiencies in microtubule formation.
Moreover, comparison of the apparently non-structured N termini of Par14 and Par17 (14, 36) revealed a remarkable difference in line-broadening effects. The first 29 residues of Par14 could not be assigned due to extreme broadening of the amide signals (14) , indicating a dynamic behavior that is independent of the PPIase domain. The amide signals of Par17 residues Met-1-Gly-60, on the other hand, were all clearly observable and featured intensities comparable to the signals of the PPIase domain ( Fig. 6A ), suggesting a similar overall tumbling rate rather than a freely mobile, highly dynamic N terminus. Hence, the Par17 N-terminal segment appears to be involved in some kind of intramolecular interaction with its PPIase domain, as observed for example also in case of AtFKBP42 (44) . Such an anchoring of the non-structured N-terminal Par17 extension Met-1-Lys-25 at the PPIase domain (i) would explain the above-described chemical shift differences observed in the Par17 segment Lys-100 -Ala-125 compared with Par14 and (ii) might confer the unique biological properties that distinguish Par17 from Par14, such as for example the hiding of the nuclear signal (21) .
The most likely candidate at the Par17 N terminus for such an intramolecular interaction with the PPIase domain is the hydrophobic ring of Phe-17; however, although several significant changes in chemical shift values between the isolated Par17 2-22 peptide and the corresponding Par17 N terminus hint at differences in secondary structure (in particular the HN resonances of Lys-8 and Gly-9 as well as H␣ of Phe-17 indicate a more extended conformation in the N-terminal segment of full-length Par17), no long range NOE connectivities could be observed for either Phe-17 or any other N-terminal Par17 residue, possibly due to the presumably rather weak nature of this intramolecular interaction.
Ca 2ϩ /CaM Binding to 15 N-labeled Par17-Although CaM is known to interact with a plethora of different peptides and proteins, certain consensus sequences for CaM recognition exist (45) . Moreover, some of the CaM-binding peptides reported to date have the potential to fold into an amphipathic ␣-helix, displaying hydrophobic residues in conserved positions (46, 47) . The presence of such a sequence motif for potential CaM binding had been identified within the first 20 N-terminal residues of Par17 using the CaM target database, as mentioned above, and an amphipathic ␣-helix was predicted within the same segment by the online server heliquest. As a consequence, we aimed to confirm this CaM-binding site by performing a CSP analysis with 15 N-labeled Par17 in the absence and presence of non-labeled CaM. To this end, we employed Ca 2ϩ / CaM, as the above-described pulldown experiments had revealed a Ca 2ϩ dependence of CaM binding to Par17.
Interestingly, comparison of 1 H, 15 N HSQC spectra featuring 13 C/ 15 N-labeled Par17 in the absence and in presence of Ca 2ϩ / CaM revealed a drastic decrease in the Par17 signal intensities upon CaM binding not only for the N-terminal segment of Par17 but also for the PPIase domain (Fig. 6B) . With the exception of residues Gly-30 and Ser-32, all backbone amide signals in the sequence comprising Lys-29 to Ala-62 (i.e. the linker region between the N-terminal segment and the PPIase domain of Par17, which corresponds to the N terminus of Par14) remained basically unaffected by the addition of Ca 2ϩ /CaM, whereas all other signals showed considerable line-broadening, suggesting the likely existence of not just one but two intermolecular interaction sites.
Because of the strong line-broadening effects in the Par17-Ca 2ϩ /CaM complex, we subsequently employed 1 H, 15 N TROSY spectra of 15 N-labeled Par17 (Fig. 7A) , which clearly showed that the signals corresponding to the 25 N-terminal Par17 residues exhibited significant alterations upon the addition of Ca 2ϩ /CaM. Very pronounced chemical shift changes were observed for residues Leu-7, Val-11, Arg-12, Leu-14, Phe-17, Val-19, Ala-23, Ser-24, and Lys-25. In addition, extreme linebroadening effects were detected for a number of residues within the segment spanning from Met-3 to Met-26, whose amide signals disappeared completely (Fig. 7B) . Most of the residues displaying very pronounced effects in the presence of CaM are thus identical to those predicted as potential CaMbinding site with propensity to form an amphipathic helix.
In the absence of Ca 2ϩ /CaM, the N-terminal elongation of Par17 exhibits a mostly random-coil conformation in solution, as indicated by the corresponding signal distribution in the . Shifted peaks are labeled with the respective Par17 residue number and in some cases connected by a line to denote the displacement. Signals belonging to the Par17 N terminus, which corresponds to the segment missing in Par14, are generally found as non-superposed black squares in the 1 H resonance range between 8.5 and 8.0 ppm, thus indicating a random-coil structure. In the two lower panels, a CSP analysis for each residue within the structured PPIase domain again compares Par17 with the Par14 assignments of Terada (C) and Sekerina (D). Residues, whose backbone amide resonance assignments are missing in either Par17 or Par14 are indicated by yellow and blue bars, respectively. 1 H, 15 N HSQC spectra (Fig. 5, A and B) as well as by chemical shift index analysis (36) . According to the below-described results, however, it is feasible that the N terminus of Par17 adopts a helical conformation upon Ca 2ϩ /CaM binding, with the primary CaM-binding site of Par17 presumably defined mainly by the hydrophobic face of the putative amphipathic ␣-helix, i.e. residues Met-3, Leu-6, Leu-7, Leu-10, Leu-14, and Phe-17 (Fig. 7C) . Unfortunately, however, it was not possible to sequentially assign the Par17 N terminus in the Par17-Ca 2ϩ / CaM complex due to the rather extreme line-broadening effects of several signals in the spectra of the bound Par17 form, thus rendering a structure determination or prediction of the N-terminal region impractical.
In addition to the large CSP effects at the N terminus, a relatively high frequency of small CSP effects (ϳ0.01 ppm) could be identified within the segment Gly-105-Gln-120 ( Fig. 7B) , which corresponds to the tubulin-binding site that coincides with the Par17 substrate binding pocket. Considering the drastic change in signal intensities in the PPIase domain upon the addition of Ca 2ϩ /CaM, these relatively small CSP effects near the active site provide further evidence that a second CaMbinding site may exist in the PPIase domain of Par17, which could result in the formation of a bidentate complex between Par17 and Ca 2ϩ /CaM.
To search for this potential CaM-binding site within the Par17 PPIase domain, a peptide microarray experiment was performed. For this purpose, a series of overlapping 15-mer peptides covering the sequence of Par17 was synthesized and tested for CaM binding. In the presence of Ca 2ϩ , CaM bound to the peptides 34 -37, which share the core motif 109 WMTRGS 114 , whereas in the absence of Ca 2ϩ no significant CaM binding was observed (Fig. 8 ). This result further corroborates the likely existence of an additional CaM-binding site near the Par17 active site.
Par17 Binding to 15 N-Labeled Ca 2ϩ /CaM-To further characterize the Par17-CaM interaction, we subsequently changed the 15 N labeling and collected 1 H, 15 N TROSY spectra of 15 Nenriched Ca 2ϩ /CaM at various concentrations of non-labeled Par17. Again, both significant chemical shift changes as well as extreme line-broadening effects were observed (Fig. 9A ). Subsequent CSP analysis revealed that residues located in both CaM lobes as well as in the flexible interlobe linker were affected by Par17 binding. A very similar CSP pattern was obtained (Fig. 9B ) upon binding of merely the corresponding N-terminal Par17 peptide that comprises residues Pro-2-Gln-22 (i.e. Par17 ). Hence the apparently minor effects caused by the potential second binding site again seem to be superseeded by the more drastic effects resulting from binding of the Par17 N-terminal segment.
The CSP effects observed for Ca 2ϩ /CaM upon Par17 binding can be the result of either direct intermolecular contacts between both complex partners or indirect effects resulting from conformational changes. Due to the large number of CSP effects in both CaM lobes, we decided to compare our data to the complex of Ca 2ϩ /CaM with a 20-residue peptide from chicken smMLCK, where the two CaM lobes clamp around the helical smMLCK 796 -815 peptide, which is thus located inside a mainly hydrophobic channel (34) . Such a binding scenario has been observed also in other CaM complexes (48 -50) . In all of these cases, binding is driven largely by non-polar interactions, as the channel features a hydrophobic arc that is (i) formed by the hydrophobic patches of both CaM lobes, including numerous methionine residues, and (ii) surrounded by several charged residues, which create the charged outlets of the binding channel. As a consequence, CaM-binding peptides usually are amphipathic ␣-helices that also display a charge distribution on their molecular surface to determine their relative binding orientation (32) .
Using the CaM structure known from the smMLCK complex (34) , structural mapping of the most pronounced CSP effects caused by Par17 showed an arrangement where the majority of the affected CaM residues face the bound peptide (Fig. 10A) . Additional effects were observed in the CaM interlobe linker, most likely due to changes in its conformation when the CaM molecule clamps around the bound peptide. Taking into consideration the rather large number of hydrophobic residues in the N-terminal Par17 segment (12 of 25 residues), which apparently can form an amphipathic ␣-helix that includes the aromatic ring of Phe-17 at the hydrophobic face ( Fig. 7C) , we hence conclude that the Par17 N terminus most likely features a CaM binding scenario that is very similar to the one known from the CaM-smMLCK complex. In fact, a direct comparison between the CaM residues found in close contact (Ͻ4 Å) with the smMLCK 796 -815 peptide according to the x-ray structure (34) and the CaM residues affected by the presence of Par17 according to our CSP data revealed a quite good agreement, in partic-ular with respect to the C-terminal half of the peptides, which (i) is primarily responsible for CaM binding (51) , and where (ii) both peptide sequences show a fairly high degree of homology ( Fig. 10B ).
Discussion
In the present study we provide first evidence that Ca 2ϩ / CaM interacts with Par17 in a physiologically relevant way by preventing Par17-promoted microtubule assembly. In contrast, Par14, which is basically identical to Par17 yet lacks the first 25 N-terminal residues of the Par17 sequence, does not interact with Ca 2ϩ /CaM at all. Pulldown experiments further revealed that the 25 additional N-terminal residues of Par17, which hold the potential to fold into an amphipathic ␣-helix, include a high affinity CaM-binding site. Hence, this N-terminal segment confers a unique property to Par17 in comparison with Par14.
Analysis of NMR spectroscopic data (14, 17, 36) has shown that the resonance assignments of the Par17 and Par14 PPIase domains are quite similar, indicating that the 25 additional residues at the N terminus of Par17 do not affect the overall domain fold. Nevertheless, despite the fact that the N-terminal segments of both parvulin types do not seem to display any regular secondary structure elements, the amide signals of the Par17 N terminus were fully observable in contrast to Par14 and exhibited intensities similar to the rest of the protein, thus indicating an overall tumbling rate analogous to the PPIase domain. Moreover, the minor chemical shift differences in the Par17 region Lys-100 -Ala-125 compared with the corresponding Par14 residues hint at an intramolecular docking interaction of the Par17 N terminus in the region Lys-100 -Ala-125. Furthermore, the CSP effects observed for the Par17-CaM interaction demonstrated that the N-terminal segment of Par17 binds to both CaM lobes simultaneously, indicating that CaM undergoes a conformational change to form a channel between its two lobes, apparently similar to the structure of the CaM-smMLCK 796 -815 complex. Moreover, the sequence similarities in the C-terminal half of the peptides smMLCK 796 -815 and Par17 1-20 suggest an analogous CaM binding arrangement. Finally, a set of minor CSP effects in the Par17 region Lys-100 -Ala-125 upon Ca 2ϩ /CaM binding hint at a second CaM-binding site. The peptide microarray experiment has provided additional evidence for the existence of a second, low affinity CaM-binding site in the Par17 region Lys-100 -Ala-125, as CaM recognized the core epitope WMTRGS, which encompasses the Par17 residues Trp-109 -Ser-114. However, except for the very first peptide in the array, CaM did not bind significantly to the peptides representing the N-terminal high affinity CaM-binding site (Fig. 8) , thus indicating (i) that these N-terminal peptides do not adopt an ␣-helical structure under the conditions of the microarray spots and, moreover, (ii) that the formation of an amphipathic ␣-helix is crucial for CaM binding.
Interactions of CaM with others PPIases, such as FKBP73 (52) or FKBP38 (37, 53) have been reported before. However, those CaM binding scenarios are markedly different to the one we describe here. The CaM-binding site of FKBP73 is located at its C terminus; the 138 C-terminal residues of FKBP73, including the tetratricopeptide repeat (TPR) domain, are essential for proper CaM binding (52) . In the case of FKBP38, two distinct CaM-binding sites exist; (i) a C-terminal motif, which forms a complex with the C-terminal CaM lobe only in the presence of Ca 2ϩ , and (ii) a region in the catalytic domain of FKBP38, which binds to the N-terminal CaM lobe in a Ca 2ϩ -independent manner (53) . Certainly, the presence of a high affinity CaM-binding site in Par17 but not in Par14 could be a key to differentially regulate the function of these two otherwise basically identical proteins.
In a previous study we showed that Par17 interacts with tubulin and thereby promotes the formation of microtubules (20) . These microtubule assembly-related properties seem to correlate directly with PPIase activity, because (i) catalytically deficient variants of Par17 were unable to promote microtubule formation and (ii) inhibitors of Par17 activity also prevented parvulin-catalyzed tubulin polymerization. Remarkably, Par14, which comprises an identical PPIase domain, was less efficient in the catalysis of microtubule assembly, indicating an involvement of the 25 additional residues at the N terminus of Par17 in tubulin binding. The N-terminal Par17 segment alone, however, was not sufficient to mediate the tubulin interaction and thus to promote microtubule assembly. Analysis of the tubulin interaction sites revealed that tubulin predominantly interacts with the substrate binding pocket of Par17.
In the present study we were able to show that the addition of Ca 2ϩ /CaM completely blocks Par17-catalyzed tubulin polymerization in vitro. The analysis of CaM-binding sites using pulldown and NMR experiments revealed that Ca 2ϩ /CaM primarily binds to the N-terminal extension of Par17, which in native parvulin apparently interacts with the active site in the PPIase domain. Par14, which lacks the N-terminal extension, did not interact at all with Ca 2ϩ /CaM in pulldown or ITC experiments. between Ca 2ϩ /CaM and the smMLCK 796 -815 peptide from chicken (blue ribbon). Ca 2ϩ /CaM residues that showed significant line-broadening effects are highlighted in yellow, whereas residues featuring CSP effects Ͼ0.10 ppm or Ͼ0.15 ppm are colored in orange and red, respectively. The CaM lobes and interlobe linker as well as the N-and C-terminal ends of the smMLCK 796 -815 peptide are marked. B, sequence comparison between the predicted CaM-binding site at the N terminus of human Par17 and the smMLCK 796 -815 peptide. Sequence similarities are found only in the second half of the peptides, as indicated in the row between the sequences (*, identical; :, conserved). Arrows below the smMLCK sequence denote close contacts (Ͻ4 Å) to CaM residues according to the x-ray structure (PDB ID code 1CDL). Colored boxes illustrate where these CaM residues or one of their immediate sequential neighbors showed CSP effects in the presence of Par17 (same color code as in panel A). Magenta-colored residues in the peptide sequences indicate positions of naturally occurring amino acid substitutions; (i) due to single-nucleotide polymorphism, a second human Par17 isoform exists featuring the point mutations Q16R and R18S, and (ii) in mammalian smMLCK, H805 is generally replaced by an asparagine.
These results, therefore, suggest the following interaction scenario, as depicted in Fig. 11 . 1) In the native state of Par17, the N-terminal 25-residue extension is located in close proximity to the substrate binding pocket due to a weak intramolecular interaction, thereby controlling the access of substrates to the active site. 2) Tubulin binding to Par17 apparently is favored by the presence of this N-terminal extension, as the tubulin polymerization efficiency is higher in Par17 compared with Par14.
3) Ca 2ϩ /CaM interferes with tubulin-Par17 interaction by binding to the N-terminal extension in the Par17 sequence, thereby apparently also causing hindrance of the Par17 active site either sterically or due to the second, low affinity CaMbinding site.
The role of Ca 2ϩ /CaM in the regulation of microtubule interactions with MAPs is not unique to Par17. In fact, Ca 2ϩ / CaM was already reported to bind MAPs other than Par17 (24, 25, 54) , as for example the stable tubulin-only polypeptides (STOPs) (55) . Ca 2ϩ /CaM binding inhibits the ability of STOPs to cold-stabilize microtubules (56) . In this case, Ca 2ϩ /CaM and tubulin exhibit overlapping binding sites. However, STOPs merely cold-stabilize microtubules but do not promote microtubule assembly (55), whereas EF-1␣, another Ca 2ϩ /CaM-interacting MAP, merely promotes microtubule assembly but does not cold-stabilize microtubules (57) . Ca 2ϩ /CaM binding inhibits EF-1␣-mediated tubulin polymerization, similar to the effect observed in case of Par17. MAP2 and the Tau protein represent two further important MAPs that are regulated by Ca 2ϩ /CaM binding and also display overlapping binding sites for CaM and tubulin (25, 58) . These findings show that Ca 2ϩ / CaM-mediated inhibition of tubulin polymerization could be related to direct binding of CaM to different MAPs, thus preventing the interaction of these latter proteins with tubulin. Which MAP is controlled by Ca 2ϩ /CaM may depend on both spatial and temporal localization as well as on the impact of the respective MAP on microtubules. For example, Tau protein and MAP2 exist in neuronal cells (59, 60) , whereas STOPs, EF-1␣, and Par17 are present in many other cell types (8, 61) . Moreover, MAPs also exhibit different subcellular localizations; MAP2 is sequestered into dendrites, whereas Tau is localized in the distal portions of axons (62) , STOPs preferentially localize to kinetochore microtubules in the spindle (63) , and EF-1␣ immunolocalizes to both mitotic and interphase arrays (64) .
Hence, we propose that Par17 also belongs to the group of CaM-regulated MAPs. These MAPs generally share common features, including overlapping binding sites for CaM and tubulin as well as a strict Ca 2ϩ dependence in their CaM interaction. The Ca 2ϩ -mediated regulation of microtubule assembly via CaM and a MAP such as Par17 may thus represent another mechanism that serves to intertwine microtubule function with other cellular events. 
